Previous lumbar motion analyses suggest the usefulness of quantitatively characterizing 2 spine motion. However, the application of such measurements is still limited by the lack of 3 user-friendly automatic spine motion analysis systems. This paper describes an automatic 4 analysis system to measure lumbar spine disorders that consists of a spine motion guidance 5 device, an X-ray imaging modality to acquire digitized video fluoroscopy (DVF) sequences 6
Introduction 1
Lumbar spine instability is an ill-defined clinical entity and is most likely related to the large 2 number of patients with chronic low back pain. Current definitions of spinal instability are 3 based on "a loss of stiffness" [1, 2] . Thus, in an unstable condition, a small load results in a 4 large displacement. There has been difficulty in translating this definition into criteria that can6 analysis was performed by local polynomial regression analysis [29] to construct a smooth 1 curve graph, after which the translation and angle of rotation of the vertebrae were obtained. 2
Automated tracking module 3
The proposed VAS adopted the automated vertebra tracking algorithm reported in [23] . The 4 tracking algorithm utilizes particle filter to estimates the posterior distribution of the x-and y-5 displacement (Δx t , Δ y t ) and the change in orientation (Δθ t ) of the vertebra from frame t to t+1, 6 which are formulated in a state vector as 7
The particle filter estimates the posterior distribution p(X t |Z 1 :t ) of X t from a noisy collection 9 of observations (or measurements) Z 1 :t = (Z 1 , Z 2 , ⋅⋅⋅, Z t ) from each frame of the fluoroscopic 10 sequence arriving in a sequential fashion. From frame t-1 to t, the particle filter generates N 11 samples (called particles) according to the prior distribution of a state transition model 12 p(X t |X t-1 ) for each vertebra to predict the location and orientation in the frame t. The 13 observation model measures the goodness of fit between the projected spline contour 14 (according to the particles) and the vertebral edge. This forms the likelihood distribution 15 p(Z t |X t ) of the measurements. Here, the scoring function of measurement of contour, , is 16 formulated as the sum of gradient magnitude squared under the spline contour A(C t ), where 17 C t is a vector contains all the control points that constitute the contour. Let the contour giving 18 the highest score be ) max( t ϕ , the likelihood distribution
where n denotes the number of particles.
21
By applying Sequential Importance Resampling (SIR) to each time step to prevent 22 degeneracy problems [30] , the weight for each particle n becomes 23
where ( ) δ • is a Dirac delta function. The kinematic parameters in the state vector ˆt X at 2 frame t were computed using the maximum likelihood (ML) estimate 3
after which C t is updated with ˆt X and return to the particle filter for the next iteration. 5
Performance assessment with simulation studies and human subjects 6
To assess the robustness and the reliability of the VAS, a simulation study using a bone 7 model was performed. The DVF of the bone model was obtained at 45kV, 80mA and an 8 exposure time of 3 ms. During the DVF acquisition process, the L1 to L5 region was 9 maintained within the field of view. The assisting device also pulled and pushed the plastic 10 model of the lumbar vertebral column (Anatomical lambo-sacral model, Ortholink LLC, CA, 11 USA) to perform sagittal cycling flexion-extension motion. The continuous dynamic lumbar 12 sequence of the model was assessed in four cycles. When the collection was finished, each 13 vertebra trajectory was recorded by a real-time depiction of the vertebral body with a fixed-14 pen and chart paper recorder and was used for a benchmark of the vertebral motion analysis. 15
The measurement accuracy in terms of the x-, y-translations and rotation angles was 16 calculated in comparison with the benchmark. Additionally, the reproducibility was evaluated 17 by measurement errors in the cycles. 18
To test the robustness of the VAS to noise, a new sequence was produced by adding noise 19 with differing densities to degrade the image quality. The simulated sequence consisted of 61 20 frames of a drawn vertebra in motion. The vertebra moved by 1 mm in x-and y-translations 21 and by 1° in the rotation angle in each frame of the simulated sequence. The range of motion 22
was preset respectively at -20 to 10 mm and 20 to -10 mm in the x-and y-translations and 20° 23 to -10° in the rotation angle by 1 mm and 1º between the adjacent frames. The histogram 1 equalization and filter were not applied to the specific sequence. The intensity values of the 2 sequence were scaled to [0 1], such that both the image and noise were of the same scale. 3
To evaluate the clinical usefulness of the VAS, 10 healthy subjects and 2 lumbar degenerated 4 patients were enrolled in the study with informed consent. There were 3 female and 7 male 5 healthy subjects, aged from 19 to 25 at mean of 23.5 years old, without any evidence of 6 lumbar degenerative disease. One female patient at 38 years old was diagnosed with L5/S1 7 lumbar spondylolisthesis, confirmed with radiological detection. Another male patient at 38 8 years old was also diagnosed as L5/S1 lumbar spondylolisthesis without obvious radiological 9 evidence. The DVF sequences of the healthy subjects and patients were obtained by the same 10 medical system (68 kV, 300 mA, exposure time: 7 ms). Each subject was asked to sit in their 11 neutral position and led by the guide device to perform sagittal flexion-extension motion 12 starting from this position. The L1 to S region of the lumbar was maintained within the field 13 of view while the DVF sequence was collected. Image sequences were taken at a lateral 14 projection. The normal parameters of x-translation and the rotation angle were calculated in 15 the control group from the extension to flexion position with time normalization. The x-16 translation and rotation angle in the patients were measured and then compared with the data 17 from the healthy subjects. 18
Results 1

Reliability assessment with an anatomical lambo-sacral model 2
A bone model from L1 to the sacrum was used for the assessment of the VAS. Figure 3  3 partly plots frames from the DVF sequence of the tracking process. The trajectories of the 4 lumbar vertebrae model (L1-L5) motion were recorded as benchmarks. In the 4 integral 5 cycles, the fiducial errors of x-and y-translations were calculated correspondingly between 6 the automatic tracking and actual measurements ( Table 1 ). The maximum of the fiducial error 7 was 3.7% in x-translation. The root mean square differences (RMS) and the standard error of 8 the measurement (SEM) [31] of the rotation angle, as well as the x-and y-translations, were 9 calculated to test the variability and robustness of the VAS. The average RMS differences of 10 the x-translation, y-translation and angle of rotation were 0.69 (SD 0.4) mm, 0.64 (SD 0.3) 11 mm and 0.9° (SD 0.3°), while the SEM was 0.47, 0.42 and 0.57°, respectively, as shown in 12 Table 2 . The mean and standard deviation of the intraclass correlation coefficient [31] 
is shown in Table 3 . The average ICCs of the x-and y-translations were 0.99 (SD 0.009) and 14 0.99 (SD 0.005), respectively, between the auto-tracking and actual measurements. Each subject was asked to perform a complete flexion-extension cycle, to/from straight sitting 10 to extension/flexion ( Figure 5 ). Healthy subjects showed a rotation angle pattern in a 11 complete flexion-extension cycle as depicted in Figure 6 , where the blue solid line presents 12 the mean value of 10 healthy subjects, and the green and light-blue dotted lines present the 13 range (±2.5SD) of normal values. The trace of vertebra angles during the flexion-extension of 14 a 38-years-old female, who was diagnosed with L5 spondylolisthesis with obvious 15 radiography disability in the L5-S disc level (Figure 7(a) ), is plotted in Figure 6(a),  16 demonstrating that the VAS results confirmed the radiographical diagnosis. In case 2, a 53-17 year-old female presented with symptoms of spondylolisthesis without obvious radiology 18 presentation during standing, flexion and extension X-ray examination (Figure 7(b) ). 19
However, the DVF analysis indicated L5 spondylolisthesis during dynamic movement, as 20 shown in Fig 6(b) . The results of the rotation angle in Figure 6 In this study, the radiography system selected the minimal X-ray exposure automatically 18 (based on a setting threshold of 45 kV, 80 mA and an exposure time of 3 ms). The results 19 were compared with a standard radiological dose of 68 kV, 300 mA and an exposure time of 20 7 ms. The DVF sequences under the lower dose were tracked completely, as well as those 21 obtained under the higher dose. This result indicates that the VAS performed robustly when 22 the dose was higher than or equal to the lower radiological dose. 23
The measurement model of the particle filter employed in this study considers the nature of 24 image formation of X-ray DVF [18] . A simulation study was performed which compared the 25 RMS error between the particle filter-estimated angle of rotation and translation (i.e. tracking 26 results) with corresponding preset values. We found that a particle filter of the same type 27 achieved an RMS error for less than 0.2 degrees and 0.5 pixels in the angle of rotation and 1 translation, respectively, when the Gaussian noise of the normalized variance (σ2) was less 2 than 0.65. The particle filter-tracker slightly tolerated speckled-noise, whereas it failed when 3 σ2 > 0.75. These results suggest that our particle filter exhibited a significantly high tolerance 4 to different densities of noise. 5
In the present bone model and simulation study, the automatic tracking results were very 6 close to the actual measurements or the preset values. The translation and angle were accurate 7 in the limited flexion-extension range. In the human subjects, the use of a guidance system 8 provided an efficient examination, without any out-of-plane effects. When the developed 9
VAS system was applied to the lumbar degenerated patients, an accurate diagnosis was made 10 for both patients, in particular for one patient when the traditional X-ray did not show an 11 abnormal pattern. These preliminary results suggest the potential use of this new system for 12 the clinical diagnosis of spondylolisthesis. 13
Notably, the small sample size (10 healthy subjects and 2 symptom-presenting patients) is a 14 limiting factor in this study, and we require additional subjects with and without lumbar spine 15 problems for further comparisons. A large scale prospective randomized double blind clinical 16 trial should be investigated to evaluate the clinical usefulness of this in vivo diagnosis of 17 lumbar disorders. 18
Conclusions 1
The proposed VAS provides a tool to investigate lumbar disorders. The automated tracking 2 module performed with significant robustness and reliability in tracking the motions from 3 DVF sequences. Our proposed VAS was evaluated by bone models, simulated sequences and 4 human subjects. Collectively, we found that the auto-tracking algorithm produced results with 5 acceptable accuracy, good reliability and robustness, suggesting that the proposed VAS 6 should be considered for further clinical trial evaluations. 
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